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Abstract
We investigated urinary mutagenicity and colorectal
adenoma risk in a clinic-based, case-control study of
currently nonsmoking cases (n � 143) and controls (n �
156). Urinary organics were extracted by C18/methanol
from 12-h overnight urine samples, and mutagenicity was
determined in Salmonella YG1024 �S9 (Ames test).
Adenoma risk was 2.4-fold higher in subjects in the
highest versus the lowest quintile of urinary mutagenicity
(95% confidence interval � 1.1–5.1). Combining urinary
mutagenicity with intake of meat-derived mutagenicity
(from our earlier analysis) resulted in a 5.6-fold increase
in adenoma risk (95% confidence interval � 2.2–13.9,
comparing the highest with the lowest quintile). In our
study population, diet may have contributed to mutagenic
exposure, which was positively associated with colorectal
adenoma risk.

Introduction
We have shown previously that consumption of red meat
cooked at high temperatures, as well as the estimated intake of
meat-derived mutagenicity assessed by a food frequency ques-
tionnaire that included questions on the level of doneness and
pictures of meat module, were associated with an increased risk
of colorectal adenomas (1, 2). Such results are compatible with
the hypothesis that exposure to HCAs3 from meats cooked at
high temperatures is associated with an increased risk of colo-
rectal adenomas (3). These studies have relied on a question-
naire-based dietary assessment to estimate the exposure levels
of the subjects to meat cooked at high-temperature, meat-
derived mutagenicity, and HCAs. However, a biological meas-
urement of exposure would be a useful adjunct to questionnaire
data and might eventually have value as a direct biomarker of
exposure and/or risk. In this regard, we used the Ames test to
measure the ability of urine collected from cases and controls to
mutate the DNA of Salmonella YG1024 �S9 as an integrated

biomarker of the presence of various mutagenic substances in
the urine. The association of the biomarker urinary mutagenic-
ity with the consumption of cooked meat, among several other
types of exposures, such as smoking, benzidine, chemotherapy,
and so forth, has been known for 20 years (4–6). Using our
case-control study mentioned above, we report here on urinary
mutagenicity and risk for colorectal adenoma among current
nonsmokers.

Materials and Methods
Study Population and Design. This case-control study has
been described in detail elsewhere (1, 7). Briefly, the study was
performed at the National Naval Medical Center (Bethesda,
MD), which serves primarily military officers and their fami-
lies. Cases had histologically confirmed colorectal adenomas
diagnosed by colonoscopy (86%), sigmoidoscopy (13%), or
sigmoidoscopy and colonoscopy (1%). Controls had negative
sigmoidoscopies and were frequency matched to the cases by
age (�5 years) and sex. Cases were enrolled during a return
visit after histological confirmation of the adenomas, and con-
trols were enrolled during sigmoidoscopy examination. The
participants were residents of the study area, were between the
ages of 18 to 74 years, and had never been diagnosed with
Crohn’s disease, ulcerative colitis, familial polyposis syn-
drome, or cancer except nonmelanoma cancer of the skin.
Approval for the study was given by the institutional review
board of the National Cancer Institute, the National Naval
Medical Center, and the Human Subjects Research Review
Official of the United States Environmental Protection Agency.
Informed consent was obtained from all participants.

Two hundred eighty-nine cases and 314 controls were
identified as eligible. Of these, 241 cases (84%) and 231 con-
trols (74%) participated. After excluding five participants with
implausible dietary data, 239 cases (146 new and 93 recurrent
adenomas) and 228 controls remained in the study. Twelve-
hour overnight urine samples were collected from all subjects
(after 6:00 p.m. until 6:00 a.m., or until the first morning void,
whichever was later). Subjects received written and oral infor-
mation describing urine collection and a collection kit that
included a cooler with ice packs to store the urine. Urine
samples were kept in the cooler until processed on the same day
(92% of samples) or the following day later (8% of samples; no
preservative was added to the collected urine). Almost a quarter
of the way through the study, additional vials of urine were
stored for use in urine mutagenicity analyses. There were 163
cases and 159 controls with suitable amounts of urine available
for analysis. Because we were interested in dietary exposures,
we eliminated subjects who had smoked any time during the
week before collection of urine. In total, we included 143 cases
and 156 controls, all of whom were current nonsmokers (Table
1). At a home visit subsequent to enrollment, 12-h overnight
urine samples were collected. The time between enrollment and
home visit was 2.6 months for cases and 3.3 months for con-
trols. Data on demographics, medical history, diet, and other
risk factors were obtained at the same home visit. Intake of
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meat-derived mutagenicity was estimated by a database that we
developed for estimating the mutagenicity of variously cooked
meats (1, 2). Briefly, this consisted of a food-frequency ques-
tionnaire involving the use of photographs of meats cooked to
varying degrees and to which subjects could refer to describe
the amount and level of doneness of the meats that they con-
sumed.
Urinary Mutagenicity. Urinary organics were extracted as
described previously (5). Briefly, urine was passed through C18
resin, and the organics were eluted by methanol and then
solvent-exchanged into DMSO at 150� for bioassay. The ex-
tracts were evaluated once in single plates/dose at 0.15-, 0.3-,
0.75-, 1.5-, 3-, 7.5-, and 15 ml-equivalent/plate in the standard
Salmonella mutagenicity plate-incorporation assay in the pres-
ence of aroclor-induced rat liver S9 mix (2 mg of S9 protein/
plate; Ref. 5). We used strain YG1024, which is derived from
the frameshift strain TA98 (hisD3052, �uvrB, rfa, pKM101)
and contains acetyltransferase activity, making it particularly
sensitive to aromatic amines and heterocyclic amines (5). Mu-
tagenic potencies, expressed as rev/ml, were calculated from
the slope of the regression over the linear portion of the dose-
response curves. These values were multiplied by the number
of milliliters of urine collected during the 12-h period to give
the number of rev/12 h. The coefficient of variation (reproduc-
ibility of assay) was 45.8% for mutagenicity for these unhy-
drolyzed urine samples. In addition to the generally used un-
hydrolyzed urine, we also hydrolyzed portions of the original
urine samples as described previously (5) and tested them for
mutagenicity. The purpose of the acid hydrolysis was to de-
conjugate mutagens from glucuronide. However, the coeffi-
cient of variation for mutagenicity of these hydrolyzed samples
was 82.5%. Because of this high value, data from only unhy-
drolyzed urine were used in this study. Controls consisted of
DMSO (100 �l/plate), C18 resin blanks prepared by passing 80
ml of glass-distilled deionized water instead of urine through
the columns (15 ml-eq/plate), and 2-aminoanthracene at 0.5
�g/plate.
Data Analysis. First, we applied the t statistic to test whether
the means of the urinary mutagenicity values were significantly
different between cases with recurrent adenoma and those who

were newly diagnosed. Because we did not find any significant
differences, we combined both subgroups for further analysis.
Urinary mutagenicity and risk for colorectal adenoma were
analyzed as ORs and 95% CIs by unconditional logistic regres-
sion. Urinary mutagenicity and meat-derived mutagenicity
were coded as quintiles according to the distribution among the
controls only. To combine measures of urinary mutagenicity
and meat-derived mutagenicity, we standardized both meas-
ures, because these measures have different units (rev/ml and
rev/day; Fig. 1). We standardized both continuous variables
(urinary mutagenicity and meat-derived mutagenicity) accord-
ing to the mean and SD of the controls of each variable
[(variable � mean) � SD], before adding the standardized
variables together.

Because urinary mutagenicity is an integrated measure of
mutagenic exposure, we did not adjust for meat intake. Instead,
we adjusted for the following potential confounders: age, gen-
der, family history of colorectal cancer, family history of can-
cer, education, ethnicity, use of NSAIDs, past smoking (pack-
years), dietary and supplemental intake of vitamins C, A, E,
�-carotene, and folate. Trend tests were calculated using con-
tinuous variables. Because the variables were log-normally
distributed, with most subjects in the low range, we used the
Spearman correlation to investigate the association between

Fig. 1. Association between risk for colorectal adenoma and urinary mutage-
nicity (A), estimated intake of meat-derived mutagenicity (B), and both mutage-
nicity measurements combined (C). OR and 95% CI were adjusted for age,
gender, family history of colorectal cancer, family history of cancer, education,
ethnicity, use of NSAIDs, smoking, intake of vitamins C, A, E, �-carotene, and
folate.

Table 1 Distribution of demographic and risk factors

Variablea Cases Controls

n 143 156
Age (yr) 59.8 � 0.74 59.8 � 0.71
Female (%) 21.0 43.6
Non-Hispanic white (%) 90.0 87.9
Education, graduate or higher degree (%) 40.9 50.3
Family history of colorectal cancer (%) 17.1 10.9
Body mass index (kg/m2) 27.0 � 0.35 26.4 � 0.34
Physical activity (h/wk) 7.8 � 0.59 8.0 � 0.56
Use of NSAIDs (%) 56.8 67.1
Cigarette smoking (packs/yr) 17.7 � 2.11 12.4 � 2.01
Total folate intake (mcg/day) 497 � 22.5 521 � 21.51
Total meat (g/day) 102 � 4.36 94.2 � 4.17
Red meat (g/day) 47.0 � 3.69 58.1 � 3.23
Well- and very-well-done red meat

(g/day)
13.3 � 1.21 8.1 � 1.16

Meat-derived mutagenicity (1000 rev/day) 5.2 � 0.37 3.5 � 0.36
Urinary mutagenicity

rev/ml 9.1 � 0.85 6.4 � 0.81
rev � 1000/overnight (12 h) urine 10.2 � 1.19 7.7 � 1.14

a All values are adjusted for gender; values are mean � SE or % if indicated in
parentheses.
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urinary mutagenicity and estimated intake of meat-derived mu-
tagenicity.

Results and Discussion
The distribution of risk factors has been described previously
(1, 2, 7). Briefly, cases were slightly older, more likely to be
male, and more likely to have a family history of colorectal
cancer compared with controls (Table 1). Relative to controls,
the cases also smoked more, used NSAIDs less often, and had
a lower intake of folate. Their intake of total meat, red meat,
well-done red meat, and meat-derived mutagenicity was higher
than controls (Refs. 1, 2, 7; Table 1).

The mean urinary mutagenicity was higher in cases than in
controls, regardless of whether mean urinary mutagenicity was
expressed as rev/ml or rev/12-h overnight urine sample (Table
1). Urinary mutagenicity (rev/ml) was associated with a signif-
icant increase in risk for colorectal adenomas based on a com-
parison of the highest with the lowest quintile of urinary mu-
tagenicity (OR � 2.4; 95% CI � 1.1–5.1; Fig. 1). A similar
increase in risk was obtained when using total rev in the 12-h
overnight urine (OR � 1.8; 95% CI � 0.8–3.8; comparing the
highest with the lowest quintile).

We have shown previously, in a study of benzidine-
exposed workers, that the levels of urinary mutagenicity can
correlate strongly with the levels of other genotoxic endpoints,
such as mutagenic urinary metabolites and urothelial cell DNA
adducts (6). Our finding here that urinary mutagenicity predicts
risk for colorectal adenoma is consistent with our previous
findings of an association between urinary mutagenicity and
genotoxic endpoints (6) and those of other (8).

Because the participants in this study were predominantly
white-collar workers employed for or retired from the United
States Navy and were current nonsmokers, occupational expo-
sure or active smoking were unlikely to be an important source
of mutagenic exposure for this population. Given these study
population characteristics, and because consumption of meat
cooked at high temperatures is known to increase the levels of
urinary mutagenicity (9, 10), we infer that most of the muta-
genic activity measured in this study population was likely
attributable to dietary sources. However, other exposures, such
as passive smoking, may have made a minor contribution to the
measured urinary mutagenicity.

In support of this inference, we note our previous finding
in this same case-control study that high intake of meat-derived
mutagenicity is a risk factor for colorectal adenoma (2). In
addition, the levels of urinary mutagenicity among 85.3% of the
control subjects in this study were low and similar to the levels
of urinary mutagenicity detected among subjects in a metabolic
study who were fed red meat fried at low temperatures (9). This
may explain why we found no association between adenoma
risk and the four lowest quintiles of urinary mutagenicity;
probably mutagenic exposure was only high enough in the fifth
quintile to have an effect on adenoma risk.

A likely chemical class responsible for the observed uri-
nary mutagenicity is HCAs, which are produced when meats
are cooked at high temperatures (9) and are detected particu-
larly well by the strain of Salmonella used in this study,
YG1024 (11). In addition, HCAs produce colon tumors in
rodents, as well as tumors at other sites in rodents, that are
associated commonly with diet in human cancer studies, such
as liver, breast, and lymphoma (12).

As shown previously for this case-control study (2), the
estimated intake of meat-derived mutagenicity was associated
with a significantly increased risk for colorectal adenoma, when

comparing the highest with the lowest quintile of meat-derived
mutagenicity (OR � 2.2; 95% CI � 1.0–4.9; Fig. 1). A goal of
the present study was to see whether a direct measure of
mutagenic exposure (urinary mutagenicity) could be a useful
adjunct to this questionnaire-based exposure estimate. Compar-
ison of the previously determined meat-derived mutagenicity
intake (2) with the present urinary mutagenicity data showed no
correlation (Spearman, r � 0.09). Because both of these meas-
ures capture different aspects of the mutagenicity activity, we
did not expect to find a high correlation; however, such a low
correlation was unexpected. We reasoned that the combination
of the two measurements would categorize the exposure more
accurately because they measure intake and excretion of mu-
tagenic activity. Combining the measurements of urinary mu-
tagenicity and estimated intake of meat-derived mutagenicity
gave a stronger positive association with risk for colorectal
adenomas than did either variable separately, when comparing
the highest with the lowest quintile of combined mutagenicity
(OR � 5.6; 95% CI � 2.3–13.9; Fig. 1).

Because controls were confirmed of not having an ade-
noma by sigmoidoscopy only, it is possible that some controls
had undetected right-sided adenoma. However, restricting our
analysis to left-sided cases resulted in similar risk estimates
(data not shown), suggesting that it was unlikely that the mis-
classified controls influenced the finding substantially. A po-
tential bias in this study was the determination of exposure by
urinary mutagenicity after diagnosis of the outcome, colorectal
adenoma. However, in this study, we used colorectal adenoma
as an intermediate biomarker of colorectal cancer. It is less
likely that urinary mutagenicity and dietary assessment were
affected by case status in a case-control study of this early
neoplastic lesion (adenoma), which, in addition, was removed
before enrollment (urine was collected, on average, 2.6 months
after enrollment), than by case status in a study of carcinoma.
Thus, the elevated urinary mutagenicity among the cases was
most likely an indicator of exposure and not attributable to the
presence of an adenoma. On the basis of the concept of the
case-control study design, we assessed exposure after case
diagnosis to reflect past exposure during the relative time of
adenoma development. It is possible that cases may have
changed their diet to a healthier diet with reduced meat intake
after their diagnosis. Such dietary changes would have likely
resulted in a reduced urinary mutagenicity in cases and would
have attenuated the observed risk estimate toward the null.
Furthermore, urinary mutagenicity is a short-term measure that
reflects exposure �24 h before collection (13). Consequently,
with one 12-h urine collection, we would have expected that the
exposure of some of the subjects was misclassified, which
would have likely attenuated the underlining risk estimate to-
ward the null. Despite these potential biases toward the null and
the limited sample size of the study, we found a positive
association between urinary mutagenicity and colorectal ade-
noma. This interesting result requires independent confirmation
and further evaluation of urinary mutagenicity as a potential
biomarker, including intra-individual variability and improve-
ment of reproducibility of the biomarker. However, a constraint
is the relatively large sample size needed and the cost associ-
ated with the assay.

An estimate of meat-derived mutagenicity and a measure
of urinary mutagenicity capture and characterize different as-
pects of mutagenic exposure, and combining them into an
integrated measure can compensate for the limitations and
complement the strengths of each measure. Urinary mutage-
nicity is a short-term measure of exposure to mutagens. In
contrast, estimated intake of meat-derived mutagenicity is a
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long-term measure, reflecting exposure of the last 12 months
before diagnosis. Nonetheless, the intake of meat-derived mu-
tagenicity is an estimate based on the ability of participants to
recall food intake, cooking methods, and doneness level of
meat. Thus, as posed in the “Introduction,” a biological meas-
ure of exposure, such as urinary mutagenicity, is a useful
adjunct to questionnaire data and may have value as a direct
biomarker of exposure and/or risk for colorectal adenoma.

The results presented here support the view that exposure
to mutagens is associated with risk for colorectal adenoma and
suggest that diet may contribute to the mutagenic exposure in
this study population.
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